A 33 GHz interferometer for CMB observations on Tenerife by Melhuish, S J et al.




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2 S.J.Melhuish et al.
However, even smaller features can be supressed if there
is some east{west motion of the \cloudlets" through the
beam. During an integration the correlator output signal
rotates in phase, eecting a cancelation. The cloudlets ap-
pear stretched in the direction of motion, and with even a
small east{west component this tends to quench the inter-
ferometer response.
In this paper Section 2 describes the design concepts
and realization of the interferometer while in Section 3 we
assess the performance of the instrument. Section 4 contains
information on the ability of the interferometer to reject at-
mospheric eects, and Section 5 describes astronomical com-
missioning observations with two congurations of the inter-
ferometer. The future astronomical programme is outlined
in Section 6.
2 DESCRIPTION OF THE
INTERFEROMETER SYSTEM
The interferometer system was built and tested at Jodrell
Bank and then moved to Teide Observatory, Iza~na, for ob-
servations. This observing site has low levels of precipitable
water vapour (pwv < 2 mm) for much of the year and per-
mits the collection of high quality data from the 33 GHz
beam-switching radiometer for 20 per cent of the time.
It was anticipated that an interferometer at this frequency
would be usable for a much higher fraction of the time; our
experience conrms this and is quantied in Section 4.
High sensitivity to CMB anisotropy can be achieved by
using cryogenically cooled low noise receiver systems oper-
ating with large (10 per cent) bandwidths. The required
sensitivity of 10 K per resolution element is obtained by
repeated observations of the chosen area of sky. The design
of the interferometer described below owes much to the ex-
perience accumulated with the 5 GHz wide bandwidth inter-
ferometer operated at Jodrell Bank (Melhuish et al. 1997).
2.1 Concept of the CMB interferometer
The interferometer consists of two horn apertures xed in
an east{west line. Earth rotation then sweeps the interfer-
ometer fringe pattern across the sky giving 24
h
coverage
in right ascension (RA) each day. The declination of obser-
vation is set by tilting the interferometer assembly in the
meridian plane to the appropriate elevation. The physical
arrangement is shown in Fig. 1. The aim is to make a high
sensitivity map of the band of sky, centred on Dec = +41
Æ
,
that has been explored on somewhat larger angular scales
at 5, 10, 15 and 33 GHz (Melhuish et al. 1997; Gutierrez et
al. 1995; Gutierrez et al. 1997; Hancock et al. 1997).
The operating frequency was chosen to be 33 GHz where





angular scales indicated a level of Galactic con-
tamination less than 10 per cent of the intrinsic CMB uc-
tuation amplitude. Since the interferometer is sensitive to
structures with smaller angular scales, it is expected that
any Galactic contribution will be less still, because of the
downwards slope of the Galactic spatial power spectrum.
On the 2
Æ
angular scale of this interferometer both the syn-
chrotron (Lasenby 1996) and the free{free (Veeraraghavan






Figure 1. A three dimensional representation of the interferom-
eter in the 16:7  conguration. A weather{sealed box contains
the cooled receivers and the correlator, with the horn-reector an-
tenna system projecting from the front face. The assembly may
be rotated in the elevation direction upon its support tripods.
4 less than found in our Tenerife beam-switching observa-
tions. Moreover, at this frequency the atmospheric contami-
nation of the signals observed with the interferometer will be
substantially lower than that experienced with the 33 GHz
beam-switching radiometer at Teide Observatory. The sys-
tem was designed to have a 3 GHz (10 per cent) bandwidth
which can be readily realized using analogue technology for
the correlator.





To obtain the highest brightness temperature sensitivity, the
receiving horns were placed adjacent to one another leaving










can be produced by the
interferometer response.
Although the receiving antennas have low sidelobes
screening is placed around the interferometer to reduce fur-
ther the likelihood of coherent signals entering the feed horns
from stray ground radiation. The screens also minimize the
level of interfering RF signals. Fig. 2 is a schematic diagram
of the interferometer. A description of the various compo-
nents of the system is given in the following sub-sections.
c
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4 stage LNAs at 15 K














Figure 2. A schematic diagram of the interferometer. Shown
from the top, down, are: the antennas and calibration system, the
low noise receivers, the down{conversion system, the automatic
gain control, the correlator and nally the logging system.
2.2 The antenna system
Two realizations of our antenna concept were constructed
and used for astronomical observations. The rst, a pyrami-
dal horn system, had an element separation of 11:9  while
the second realization, a horn-plus-reector system, had a
16:7  element separation.
(a)The pyramidal horn design| 11:9  spacing.The E{
W beam response is provided by a 100 mm H-plane aperture
while the narrower N{S beam response is achieved by using
a 410 mm aperture across which the phase variations are
corrected by a dielectric lens inside the aperture. The depth





in the E  H (EW  NS) directions. The spacing
between horn centres is 11:9  (110 mm) in the EW direc-
tion to give an interferometer fringe period of 4:
Æ
7. The high





























H − plane polar diagrams(b)
E − plane polar diagrams(a)
Figure 3. The polar diagrams for the original pyramidal horns,
and the horn-reector antennas. (a) shows the E-plane (horizon-
tal) cut and (b) shows the H-plane (vertical) cut.
nomical measurements to be described below indicate that
the desired FWHP (full width at half power) was achieved
although the aperture eÆciency was only 0.3.
(b)The combined horn-reector design | 16:7  spac-
ing. The required low side-lobe and high aperture eÆciency
on the desired angular scale can best be realized by illumi-
nating a parabolic section reector with a corrugated horn.
A detailed description will be given by Dicker, Withington &
Gassan (in preparation). The physical aperture of each feed
is 140 mm (E{W)  400 mm (N{S) again with the E-plane




5 (EW NS) and the antennas
are separated by 16:7  (152 mm) centre-to-centre. Fig. 3
shows the E and H-plane polar diagrams. A low side-lobe
level is achieved which is consistent with a calculation that
91 per cent of the power is within 10 dB of the beam centre,
compared with 93 per cent for a Gaussian beam prole.
The window functions of the dierent antenna congu-
rations are illustrated in Fig. 4. This shows the sensitivity of
the telescope, W
l
, to power at dierent values of the spheri-
cal harmonic number, l, for 11:9  and 16:7  spacings. The
response for a spacing of 33:4  is also shown, where we will
be collecting data in the future. Fig. 4 shows that increas-
c
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Figure 4. The window functions for three antenna spacings. The
spectral power density sensitivity, W
l
, is plotted as a function
of spherical harmonic, l. The 11:9  and 16:7  plots are for
the pyramidal horn and horn{reector antennas respectively. The
33:4  plot shows the response for the next spacing to be used.
ing the antenna separation reduces the sensitivity of the
telescope, but it should be remembered that this is largely
oset by the reduced weather eects at larger separations.
2.3 The RF and IF stages
Radio frequency (RF) signals are received by the two horns
with the E-vector in the vertical plane. They are then
taken by waveguide into the cryostat. This is cooled by
a Giord-McMahon closed-cycle refrigeration system, us-
ing compressed gaseous helium. The RF voltages in each
channel of the interferometer are amplied in a 4-stage low
noise amplier (LNA) with a gain of 25 dB, cooled to a
physical temperature of  15 K. A second 2-stage ampli-
er, cooled to 70 K, supplies a further 12 db of gain. When
cooled the rst ampliers have noise temperatures between
60 and 80 K, while the second ampliers have somewhat
higher noise-temperatures but only contribute  1K to the
overall noise temperature. These ampliers are constructed
at Jodrell Bank from Fujitsu FHR10X devices. The oper-
ating bandwidth is dened by a 5-pole waveguide lter be-
tween the two LNAs in each RF channel. The measured RF
band is 2.6 GHz wide at 3 dB and is centred at 32.5 GHz.
An item crucial to achieving a robust and stable op-
eration of the interferometer is the calibration noise signal
(CAL) which is coupled to each input waveguide. The noise
source is a noise diode with an excess noise ratio of 25 dB.
Its output is fed through a variable attenuator, then a 3 dB
splitter into a -30 dB cross-guide coupler on each input
waveguide to give a calibration signal of 10 K. This CAL
signal has two functions; rstly it provides a monitor of the
gain of the system and secondly it gives a phase reference
for the interferometer. This enables successive days of data
to be added in the correct amplitude and phase. CAL is
switched on for 1 sec every 15 sec.
The RF signals from each amplier chain are fed to a
DC-biased mixer where they are mixed with signals from a
common Gunn diode local oscillator source (LO), operating
at 27 GHz. As shown in Fig. 2, the LO signal for the West




) phase switch which modulates the
sign of the correlated output at a switch frequency of 32 Hz
driven from the control computer.
The IF signals from each mixer leave the cryostat and
are amplied in broad-band ampliers located on a temper-
ature stabilised plate. Each IF channel has four gain stages,
with a total gain of 90 dB. The West IF line contains
a trombone line which can be adjusted to make the path
length the same in the two arms of the interferometer. This
sets the interferometer on the \white light fringe". An au-
tomatic gain control (AGC) system can attenuate the IF
power levels by up to 20 dB to achieve constant levels at the
correlator inputs.
2.4 The Correlator
The correlator has been designed for the wide bandwidth of
3 GHz used in the present interferometer. Correlators con-
ventionally used in long baseline interferometers are of the
digital type so as to readily implement the continuous path
length compensation required. The present short baseline
drift-scan interferometer does not require this and so can
employ the less technically demanding analogue-analogue
correlation scheme.
The block-diagram of the complex correlator with co-
sine and sine outputs is illustrated in Fig. 5. Conceptually
the design follows that of the 5 GHz short baseline inter-
ferometer which has operated successfully at Jodrell Bank
(Melhuish et al. 1997). However the new design is for a band-
width of 3 GHz rather than 0.4 GHz and the realization takes
account of this much larger bandwidth requirement. The or-
thogonal outputs are formed using a second stage of mixing
with a second LO at 11 GHz. This LO signal is fed to the





) splitter S3, so that two West second IF sig-
nals are produced, one 90
Æ
behind the other. The East IF is
mixed with an LO signal in M3 to give the East second IF.
Finally, the two West second IF signals are each mixed with
the East second IF signal (at the same phase) in mixers M4
and M5 which act as multipliers to produce cosine and sine
outputs.
The phase dierence between the cosine and sine output
channels was kept close to 90
Æ
by careful control of electri-
cal path lengths. This dierence was found to be 85
Æ
from
measurements of astronomical signals. The analysis software
orthogonalizes the output channels. The eÆciency of the cor-
relator was measured to be 0.780.08.
The outputs from the cosine and sine channels are
applied to synchronous voltage-to-frequency converters
(SVFC) and the output pulses are sent to the control / log-
ging computer.
2.5 Control and data acquisition system
The computer operating the interferometer also performs
the function of data acquisition and storage. It keeps an
c
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Figure 5. The correlator. Splitters are labelled S1 to S4 and
the mixers are M1 to M5. S3 is a hybrid splitter, producing LO
signals in phase-quadrature. This results, nally, in quadrature
output signals from M4 and M5.
accurate time record for registering the data by reference to
a \Stratum 2" time server. A 32 Hz square-wave is generated
to supply the control voltage for the phase switch on the
channel 1 side of the rst LO. The same square wave drives
the software phase sensitive detectors (PSD) which produce
the cosine and sine data streams, de-modulating the 32 Hz
square waves produced by phase-switching. An integration
cycle generates a 30 sec sequence of data. During this cycle
the CAL noise diode is switched on twice for 1 sec each time.
The cosine and sine 16 msec data streams, and other
critical parameters, are used to produce mean and rms val-
ues for each 30 sec cycle. The rms values provide a monitor
of the performance of the system on this time scale. The
following quantities are recorded:
(i) Time
(ii) PSD level: cosine and sine
(iii) CAL level: cosine and sine
(iv) rms on PSD: cosine and sine
(v) rms on CAL: cosine and sine
(vi) First IF power: west and east channels
(vii) Temperature monitors within instrument enclosure.
The local meteorology in the form of temperature and hu-





































24th May 1997; Dec +41°
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Figure 6. Data from 24 May 1997. Shown are the cosine and sine
data channels, their errors, and the IF power in the east receiver.
At 4
h
00 RA fringes due to the Sun in the side-lobes can be seen.
At around 20
h
00 RA, structure from the Cygnus region is visible.
At all times the data are limited only by receiver noise.
Fig. 6 is a plot of some of the data streams from 24 May
1997. Shown are the PSD outputs (cosine and sine), rms of
the PSD outputs, and the IF power in the east receiver. Note




in the side-lobes at
a level -46 dB relative to the beam centre. The Cygnus








with the instrument set at Dec = +41:
Æ
0. The rms in the 30
sec integrations is 0.48 and 0.45 mK in the cosine and sine
channels respectively.
c
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Figure 7. Moon crossings from the two interferometer congu-
rations. (a) is from 1 July 1996 when the interferometer has an
antenna separation of 11:9  while (b) is from 13 April 1997 with









8 respectively. The solid line represents
the sine channel while the dashed line is the cosine channel.
3 INSTRUMENTAL PERFORMANCE
The interferometer was assembled at NRAL, Jodrell Bank,
and tested as far as possible before being shipped to Tenerife
for nal installation in a 2.5 m{high aluminium-screened
enclosure at Teide Observatory. The enclosure extends  1
m above the level of the interferometer horns. This dry site
gave the conditions appropriate for astronomical tests and
calibration prior to the denitive astronomical programme
of long-term repeated daily observations to achieve the deep
integrations required to detect CMB structures.
3.1 The interferometer response
We determined the beam response of the interferometer by
using transits of the Sun and the Moon. For angles closer
than 10
Æ
to the main beam the response can be mod-
elled in terms of a two-dimensional Gaussian modulated by































are the distances in RA and Dec between





the width of the beam in RA and Dec respectively; ! =
2=T where T is the separation (in the RA direction) of the
fringes on the sky; and  is the oset from quadrature of the
two channels (Section 2.4).
Fig. 7(a) shows the cosine and sine channels with the
interferometer in the 11:9  conguration. The fringe sepa-
ration, corrected for the movement of the Moon, was mea-
sured to be 4:
Æ
8, and is as expected for the horn separation
at 32.5 GHz ( = 9:2 mm). Although a Gaussian gives a
good t to the main beam response, the side-lobes become
increasingly dominant at levels more than 20 dB below the
beam peak. As a consequence astronomical data were only
used at times when the Sun was below the elevation of the
aluminium screen which in practice meant night time only
for this conguration.
Fig. 7(b) shows the Moon transit observed with the
16:7  system. The fringe period was measured to be 3:
Æ
5 as
expected for this spacing. The low side-lobe response shown
in Fig. 3 was conrmed by transits of the Sun in the side-
lobes, during drift scans at Dec = +41
Æ
. With these low
side-lobes data can be collected to within 1 hour of local
noon.
3.2 The receiver performance
Hot and cold load measurements gave a system noise esti-
mate for both receivers of 120 K. Laboratory tests indicated
that 80 K of this total came from the LNAs. The atmo-
sphere on a typical dry day contributes 10K, mainly due to
O
2
. We associate the additional 30 K with the antenna, the
input waveguide system, the CAL cross-guide coupler and
the input isolator.
The directly measured bandwidth of the receiver system
was 2.6 GHz at the  3 dB (half power) points and 3.5 GHz
at -10 dB. These values were conrmed by measurements of
the width of the white light fringe from the CAL signal by
varying the length of the trombone line.
The rms noise recorded continuously in our CMB exper-
iments, from the data streams sampled at 16 msec intervals,
is an eective monitor of system performance. The operat-
ing noise level is typically 2.2 mK:s
 1=2
. This is close to the
theoretical value expected for a correlator eÆciency of 0.8
and a bandwidth of 2.6 GHz. The values of system perfor-
mance for the earlier pyramidal horn interferometer system
were slightly worse than described above.
3.3 Calibration
The day-to-day temperature calibration of the interferome-
ter is made through the noise diode signal injected into the
input waveguides. This gives a continuous monitor of the
temperature in the correlator cosine and sine outputs. In
order to convert the output data to a temperature scale we
use frequent observations of the Moon which is taken to be





= 214  36 cos(  ) K
where  is the phase of the moon (measured from full moon)
and  = 41
Æ
is the phase oset resulting from the nite
thermal conductivity of the Moon (Hagfors 1970). As a con-
sequence of the dilution in the main beam of the interfer-
ometer, the temperature actually measured for the moon is
comparable in size to the calibration signal, CAL. Hot and
cold load measurements on the input of the interferometer
give results consistent with the Moon and Sun (T
b
= 9000 K)
observations. A temperature calibration for CMB measure-
ments using an astronomical object (the Moon) is robust
since it employs the entire instrument, removing the eects
of any receiver non-linearities or sources of de-correlation in
the interferometer, and taking into account uncertainties in
the eÆciency of the beam. Such a scale can be directly linked
c

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A 33 GHz interferometer for CMB observations on Tenerife 9































Figure 10. Cumulative noise statistics for the beam-switching radiometer (left) and interferometer (right) for September 1995, during
a period of increased water vapour activity. The dotted lines represent the expected rms due to receiver noise alone. In the absense of
other sources of noise we should expect the cumulative distribution to reach approximately 65 per cent by this point. The fact that for
the radiometer the percentage is much smaller shows that it is severely aected by weather. The interferometer is less aected.
Cas A and Sgr A. The interferometer was set at the decli-









7 scans from September 1996 were added to give the plot





unresolved by the interferometer beam. The ux density ex-
pected at 33 GHz, taking account of its secular decrease in
intensity (Baars et al. 1977) is 16219 Jy at the present
epoch so the expected antenna temperature is 400 K for
the pyramidal horn antennas. This is the observed value.








, J2000) is shown in Fig. 12(a). A signal
amplitude of 250 K is observed. For the pyramidal horn
conguration this temperature corresponds to a ux den-
sity of 120 Jy. Little published information is available on
the 33 GHz brightness distribution in the Galactic centre




contains both synchrotron and
free-free emission on a range of angular scales (Mezger &
Pauls 1979). The observed ux in the interferometer lobes
is not unreasonable.
Both the Cas A and Sgr A stacks give T
rms
50 K
in a 2 min integration for a stack containing 10 scans. This
is consistent with the Dec = +41
Æ
scans and indicates that
the performance of the interferometer is not being aected
by the weather in any subtle low-level way since these ob-
servations were made at various times throughout the year
and at various elevation angles (declinations).
6 CONCLUSIONS
We have demonstrated the potential of interferometric CMB
observations at 33 GHz from the Teide Observatory in
Tenerife, at an altitude of 2400 m. This instrument will ex-
tend to 2
Æ
the angular range of CMB uctuations observed





. We describe the design and performance of
this broad-band, short-baseline interferometer and demon-
strate its phase stability and sensitivity with observations of
Cyg A, Cyg X, Cas A and Sgr A.
The interferometer shows an improvement in atmo-
spheric uctuation rejection over the 33GHz beam-switching
radiometer, which has its peak sensitivity on 8
Æ
scales, by
a factor greater than 30. This allows the interferometer to
observe for 70 { 80 per cent observing eÆciency on the site
at 2
Æ
scales and vindicates the choice of Tenerife for inter-
ferometry and the Very Small Array (Jones 1998).
The rst observations with the 2
Æ
interferometer will be
a deep scan at Dec = +41
Æ
to explore the CMB uctuation
eld at high Galactic latitudes. This area of the sky has
been covered with a deep survey at 10, 15 and 33 GHz which
has already shown that the Galactic foreground contribution
is smaller (<10 per cent) than the CMB uctuation level
at 33 GHz on 8
Æ
scales; the Galactic contribution will be
signicantly less than this on the smaller, 2
Æ
, scale of the
interferometer (Davies & Wilkinson 1998).
Based on the observations reported here for the horn-
reector interferometer we estimate that the noise T
rms
,
on the antenna temperature, for a stack of 100 scans will be
20 K in a 2 min interval in RA. By combining data from
over the 20 minute interferometer response pattern, this
becomes 6 K per beam. On conversion to sky temperature
this becomes 20 K per beam. We expect to cover at least
two such 24
h
RA strips per year and to generate a sky
c
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, the rms error of this, and the number of days of observations at each RA, are shown. All these observations were taken
over September { November, 1996
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